Introduction
The semiconductor manufacturing industry has invested heavily in and counted on the availability of EUV lithography as a critical component of their strategic plans for continued device scaling. Unfortunately, continued delays in the availability of that technology [1] have forced the industry to seek new ways to leverage the 193nm immersion lithographic processes, which is the highest resolution, high throughput patterning option that is operative at this time. Imprint lithography continues to make noteworthy progress [2] , but it has not yet found wide acceptance. A remarkable range of very clever processing tricks have been developed that enable patterning of grating structures and via holes that are far smaller than the resolution limit of the 193nm immersion lithography tools [3] . Perhaps the most widely successful of these process tricks is self-aligned double patterning, SADP [4] . Like all such pitch doubling techniques, SADP requires several new process steps, new masking steps, etc.
An alternative, potentially lower cost pitch amplification process is the directed self-assembly (DSA) of block copolymers [5] . Research on DSA for lithographic applications has recently gained in intensity and has captured the interest of the both the hard disk drive industry [6] and the semiconductor industry alike [7] .
DSA requires control of two aspects of morphology in thin films of block copolymers. The first is orientation, which describes the spatial arrangement of the phase-separated domains relative to the substrate on which the film is coated. In the case of lamellae, two very different orientations are possible, one in which the lamellae are oriented parallel to the plane of the substrate and one in which they are perpendicular. In the case of cylindrical morphology, the same is true. The axis of the cylinders can be parallel to the substrate or perpendicular to it. This is shown in cartoon fashion in Figure 1 . More complex combinations of these morphologies are known; such complex structures are generally not desirable for nanofabrication and are therefore to be avoided. A great deal of work has focused on achieving a perpendicular orientation of lamellar structures to form grating structures. The laboratories of Russell, Nealey, Hawker and Bates have all made important contributions to that understanding. It is now well known that successful orientation demands coating the block copolymer over a surface that is "neutral", that is, the interaction energy between that surface and each constituent block of the block copolymer is equal or very nearly so. The classical solution to finding neutral layers is to prepare random copolymers from the monomers that constitute the blocks and render these films insoluble after coating in some way. For example, inclusion of a small amount of a monomer bearing a pendant thermally activated crosslinking moiety such as an azido or benzocyclobutenyl group is effective in that regard.
Alternatively, a sort of monomolecular layer, often referred to as a "brush layer", has been employed to achieve surface neutrality. The brush is typically a hydroxyl-terminated random co-polymer made up of the monomers that constitute the block copolymer. It is reported that the terminal hydroxyl group forms a covalent linkage to SiOH functionality that is present on the surface of oxidized silicon wafers. Whatever the nature of the attachment, heating thin layers of such materials on oxidized silicon surfaces and then rinsing exhaustively leaves a residue that functions to change the wetting behavior (surface energy) of the substrate [8] .
These advances led to the ability to reproducibly orient Poly(styrene-block-methyl methacrylate) PS-b-PMMA, which has become the de facto standard for DSA. In retrospect, this early success was due to a fortuitous characteristic of PS-b-PMMA. By chance, the surface tensions of PS and PMMA with air or vacuum are nearly identical at a temperature around 220 0 C. This has been known for some time [9] . Hence, annealing thin films of PS-b-PMMA on a neutral substrate results in perpendicular orientation of lamellae (and cylinders) since both the bottom and the top interface are neutral at that temperature.
Experimental
Transferring the images generated by orientation of PS-b-PMMA into the substrate is generally accomplished by selective removal of the methyl methacrylate domains by reactive ion etching. Etch rate ratios sufficient to produce 12.5nm images of excellent quality have been reported [10] .
Unfortunately, the low interaction parameter  for PS-b-PMMA, ~ 0.04 at room temperature, limits the practical resolution that can be achieved from this material to a pitch (L 0 ) of ca. 25 nm. This is about a factor of two too large for some applications, including the production of templates for bit patterned hard media for hard disk drive applications [6] , and next generation of logic and memory devices [11] .
Increasing the resolution of DSA demands materials with a much higher  than that of PS-b-PMMA. Therefore, several laboratories have pursued such materials. Our approach to designing such materials has been to incorporate silicon into one of the blocks and thereby reduce the surface energy of that block and impart improved etch contrast between the blocks since organosilicon polymers that contain more than about 12-15% silicon by weight are known to etch very slowly in oxygen rich etch gas formulations [12] . To that end, a variety of organosilicon block copolymers have been synthesized and auditioned for application in lithography [13] [14] [15] and an organotin block copolymer is reported in an accompanying paper.
Other laboratories have explored organosilicon polymers as well. In particular, polystyrene-block-polydimethylsiloxane, PS-b-PDMS has been studied extensively [16, 17] .
. Unfortunately, inducing PS-b-PDMS to form lamellae has proven to be a challenge and it is difficult to orient the cylinder morphology of PS-b-PDMS as well. This observation made block copolymers of silylstyrene monomers attractive. Poly(trimethysilylstyrene) PTMSS has been known for some time [18] .
Block copolymers of PTMSS and styrene or more polar monomers have  values more than an order of magnitude higher than PS-b-PMMA and are therefore worthy candidates for the lithography applications. Unfortunately these polymers and nearly all "high " block copolymers proved difficult to orient even on a neutral substrate. In general, such materials have one block with a far lower dielectric constant than the other. That block therefore migrates to the air interface during annealing.
Such reorganization has been documented many times in blends and block co-polymers. For example, this phenomenon has been exploited in the design of materials for Step and Flash Imprint Lithography [19] and in the design of low surface energy resists for immersion lithography [20].
Results and discussion
This propensity for the low surface energy block to migrate to the air-film interface results in formation of a "wetting layer" that in the best case, complicates processing and in the worst case, drives parallel orientation of lamellae even if the substrate interface is neutral. Overcoming this problem demanded establishment of a methodology for coating a neutral top coat. This was accomplished and the materials that enable the process have been reported [21] as has a convenient methodology for identifying perfectly neutral bottom coats and top coats [22] . If the top coat and the bottom coat are perfectly neutral, the perpendicular orientation of lamellae is independent of thickness [21, 22] . There are examples of block co-polymers that form high-resolution structures that do not require a top coat [23] for processing, but the authors know of no silicon containing block copolymers that can be oriented by thermal annealing without a top coat.
The top coat process has been exploited to orient high materials that provide lamellae with a half pitch of 80 Å . These materials have been developed by reactive ion etching to provide well-formed structures with an aspect ratio of ca. 3. A scanning electron micrograph of such images is provided as Figure 2 . 
Conclusions
Block copolymers with lines and spaces in the 100 Å regime have been oriented using a perfectly neutral top coat and bottom coat and these structures have been successfully developed with RIE to provide high aspect ratio topographic features. Under these conditions, the materials can be annealed in less than 60 seconds. Future work will be directed toward continued increases in and development of simple and efficient processes for orienting these structures.
